I diopathic pulmonary fibrosis is a chronic, progressive lung disease of unknown cause that is characterized by the histopathologic pattern of usual interstitial pneumonia. 1 Progression to end-stage respiratory insufficiency and death within 5 years after the onset of symptoms is characteristic. 2, 3 To date, no pharmacologic therapies have definitively been shown to improve survival or quality of life in patients with this disease.
Patients with severe idiopathic pulmonary fibrosis have abnormalities of the pulmonary vasculature leading to decreased levels of resting and exercise-induced production of nitric oxide. Since nitric oxide is a potent pulmonary vasodilator, reduced levels are associated with pulmonary vasoconstriction and impaired gas exchange. 4 Sildenafil (Revatio, Pfizer) is a phosphodiesterase-5 inhibitor that stabilizes the second messenger of nitric oxide, cyclic guanosine monophosphate, which leads to pulmonary vasodilatation. Sildenafil appears to preferentially induce vasodilatation in well-ventilated lung tissue. Such vasodilatation could improve ventilation-perfusion matching and thus gas exchange in patients with idiopathic pulmonary fibrosis. 5 Small case series of daily treatment with sildenafil in patients with this condition and known pulmonary vascular disease have suggested improved exercise tolerance, reduced degree of dyspnea, and improved quality of life. 6, 7 In this study, called the Sildenafil Trial of Exercise Performance in Idiopathic Pulmonary Fibrosis (STEP-IPF), we tested the hypothesis that treatment with sildenafil would improve walk distance, dyspnea, and quality of life in patients with advanced idiopathic pulmonary fibrosis. The trial was sponsored by the Idiopathic Pulmonary Fibrosis Clinical Research Network (IPFnet) of the National Heart, Lung, and Blood Institute.
Me thods

Study Oversight
The study was designed by the IPFnet steering committee and was carried out at 14 IPFnet centers. (For details about the study centers, see Section A in the Supplementary Appendix, available with the full text of this article at NEJM.org; the full trial protocol is available in Section H.) Pfizer donated sildenafil and identical tablets containing placebo but had no role in the study design, accrual or analyses of data, or preparation of the manuscript. The Duke Clinical Research Institute served as the data-coordinating center and oversaw all aspects of the study's conduct, data management, and statistical analysis. The independent IPFnet protocol review committee, the IPFnet data and safety monitoring board, and local institutional review boards approved the protocol. All patients provided written informed consent.
Study Patients
Eligibility criteria included a diagnosis of idiopathic pulmonary fibrosis, as defined by consensus criteria (Section H in the Supplementary Appendix 1 ), in an advanced stage, which was defined as a diffusing capacity for carbon monoxide of less than 35% of the predicted value. Key exclusion criteria were a 6-minute walk distance of less than 50 m (164 ft); a difference of more than 15% in the 6-minute walk distance between two prerandomization walks; an extent of emphysema greater than the extent of fibrotic change, as determined by high-resolution computed tomography (CT); treatment with medications containing nitrates (see Table 6 in Section C in the Supplementary Appendix); the presence of aortic stenosis or idiopathic hypertrophic subaortic stenosis; the initiation of pulmonary rehabilitation within 30 days after screening; the initiation or change in the dose of any investigational treatment for idiopathic pulmonary fibrosis within 30 days after screening; treatment for pulmonary hypertension with prostaglandins, endothelin-1 antagonists, or other phosphodiesterase inhibitors within 30 days after screening; a resting oxygen saturation of less than 92% while breathing 6 liters of supplemental oxygen; and being listed on an active waiting list for lung transplantation.
Study Design and Randomization
STEP-IPF was a double-blind, randomized, placebocontrolled trial of oral sildenafil (20 mg three times daily). Patients meeting eligibility criteria were randomly assigned in a 1:1 ratio to receive sildenafil or matched placebo with the use of a permuted-block design, with stratification according to clinical center. The trial was conducted in two periods: period 1 was a 12-week doubleblind, placebo-controlled study of sildenafil; period 2 was a 12-week open-label extension with all patients receiving sildenafil (for details, see Section H in the Supplementary Appendix). The primary outcome was measured at the end of period 1 (12 weeks).
Outcome Measures
The primary outcome was the presence or absence of an improvement of at least 20% in the 6-minute walk distance at 12 weeks, as compared with baseline. Patients who withdrew from the study, died, or were unable to complete the walk test for any reason at 12 weeks were considered to have an improvement of less than 20%. Key secondary outcomes included changes in the 6-minute walk distance, degree of dyspnea, and quality of life.
Dyspnea levels were measured with the use of the University of California, San Diego, Shortness of Breath Questionnaire and the Borg Dyspnea Index. The Shortness of Breath Questionnaire asks patients to indicate the severity of dyspnea on a scale ranging from 0 to 5 on 21 activities of daily living, along with three ratings on limitations caused by dyspnea or fear of dyspnea, for a total score ranging from 0 to 120, with a higher score indicating more severe dyspnea. The minimally important difference (MID) for this instrument is reported to be 5 points. 8 The Borg Dyspnea Index measures perceived breathlessness on a scale of 0 (none) to 10 (maximum) and has a MID of 1 point. 9 Quality of life was measured with the use of the St. George's Respiratory Questionnaire, the Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36), and the EuroQol Group 5-Dimension Self-Report Questionnaire (EQ-5D). The St. George's Respiratory Questionnaire asks patients how breathing problems impair their life and is scored from 0 (no impairment) to 100 (maximum impairment.) The MID for this instrument in patients with idiopathic pulmonary fibrosis is 5 to 8 points. 10 The SF-36 measures functional health and well-being scores on eight scales that correlate with two aggregate scores. Each score ranges from 0 to 100, with a higher score indicating better function. For presentation, scores are normalized to a mean (±SD) of 50±10. 11 In patients with idiopathic pulmonary fibrosis, the MID for these scales is 2 to 4 points. 10 The EQ-5D measures general quality of life on a selfreport questionnaire on a scale of −0.59 to 1.00 (with a higher score indicating a better quality of life and a negative value indicating a health state worse than death) and on a visual-analogue scale with a range of 0 to 100 (with a higher score indicating a better quality of life). The reported MID is approximately 0.08 for the self-report questionnaire and 7 points for the visual-analogue scale. 12 Other secondary outcomes included a change in forced vital capacity, carbon monoxide diffusion capacity, arterial partial pressure of oxygen and arterial oxygen saturation, and the alveolararterial oxygen gradient while breathing ambient air. We recorded all adverse events, hospitalizations, and deaths. Each suspected acute exacerbation was adjudicated by a central committee in a blinded fashion.
Study Visits
Screening procedures included the taking of a detailed history to rule out known causes of interstitial lung disease, a physical examination (including the measurement of oxygen saturation by pulse oximetry with patients breathing ambient air), spirometry, and measurements of lung volume on plethysmography, carbon monoxide diffusion capacity, and arterial blood gases. Echocardiography was performed to rule out aortic stenosis and idiopathic hypertrophic subaortic stenosis. High-resolution CT images were reviewed locally and were provided for quality control to a central committee. Pathological specimens, if available, were reviewed centrally.
Eligible patients returned for an enrollment visit within 6 weeks after screening. During this visit, they received training in the proper administration and storage of the study drug and use of a diary. All patients received an initial dose of a study drug at this visit and were monitored for 60 minutes for adverse effects. Follow-up visits were scheduled at 1, 6, and 12 weeks. After completion of the 12-week visit, all patients were started on treatment with open-label sildenafil. Visits were scheduled at 13, 18, and 24 weeks; at 28 weeks, serious adverse events and vital status were documented.
Testing of the 6-minute walk distance was performed with the use of a standardized protocol at the time of screening and enrollment and at study visits at 6, 12, 18, and 24 weeks (Section G in the Supplementary Appendix). All 6-minute walk tests were conducted by study personnel who were not directly involved in study coordination. At screening, patients with a pulse oxygen saturation of 88% or more while at rest were tested breathing ambient air. All other patients received supplemental oxygen, titrated to a pulse oxygen saturation of at least 92% while at rest. Patients walked for 6 minutes or until their pulse oxygen saturation fell below 80% for 6 seconds; the distance walked at that point was recorded. Subsequent walk tests were performed with the use of the same amount of oxygen used at screening. Patients whose resting pulse oxygen saturation on follow-up testing did not reach 88% during administration of the baseline amount of oxygen were not retested and were recorded as having walked 0 m. At enrollment, patients were required to undergo two walk tests at least 1 hour apart. The distances that were recorded in the two tests could differ by no more than 15%; at follow-up visits, one test of the 6-minute walk distance was conducted.
Statistical Analysis
The study was powered to show an improvement of 20% or more on the 6-minute walk distance from enrollment to 12 weeks. According to available safety and efficacy data for sildenafil at the time that the protocol was designed, a response rate of 30% with sildenafil was expected. 6 On the basis of an assumed placebo response rate of 10%, with an overall type I error rate of 0.05 (allowing for one interim analysis and a 1:1 randomization ratio), 170 patients were needed to provide a power of 90%. These calculations were based on a chi-square test of equal proportions. The data and safety monitoring board reviewed data throughout the study, and one planned interim analysis for efficacy was conducted when 50% of the patients had completed the 12-week visit.
The primary test statistic was based on a chisquare test comparing the rates of improvement of 20% or more on testing of the 6-minute walk distance from baseline to 12 weeks in the two study groups. For the primary analysis, the baseline measurement of the 6-minute walk distance was calculated as the maximum of the prerandomization walks. In the intention-to-treat analysis, patients were deemed to have had no response if the rate of improvement was less than 20% at 12 weeks or if they died, withdrew from the study, or had missing data.
A post hoc sensitivity analysis of data from the 6-minute walk test was conducted to examine the effect of the prerandomization reference walk (maximum distance, mean distance, and the distances of the first and second walks at enrollment) and the definition of response (any improvement, 20% improvement, improvement of 30 m, and decline of 30 m) ( Table 2 in Section C in the Supplementary Appendix). Several recent studies have suggested a minimally important difference of approximately 30 m on the 6-minute walk test for patients with idiopathic pulmonary fibrosis and other lung diseases. 13, 14 Analysis of longitudinal continuous end points was conducted with the use of a linear mixed model with slope measurements for fixed effects estimated from enrollment to 12 weeks and then from 12 weeks to 24 weeks to reflect the change to open-label administration of sildenafil. Adjustment variables in the linear mixed models included baseline measurements of age, sex, race, height, and carbon mon oxide diffusion capacity. The treatment effect was summarized with a point estimate and 95% confidence intervals. Survival curves were constructed with the use of the Kaplan-Meier method with a statistical comparison that was based on the log-rank test statistic. A P value of less than 0.05 was considered to indicate statistical significance. For the primary analysis, a P value of 0.049 or less would have been required for statistical significance. All P values are two-sided, and no adjustment has been made for multiple comparisons.
R esult s
Baseline Characteristics
From September 2007 through March 2009, we screened 303 patients with idiopathic pulmonary fibrosis for eligibility. Of these patients, 180 were enrolled: 89 in the sildenafil group and 91 in the placebo group (Fig. 1, and Section B in the Supplementary Appendix). The mean age of the patients was 69 years, 17% were women, and 91% were white (Table 1) . The mean baseline 6-minute walk distance was 265 m, the mean percentage of the predicted forced vital capacity was 56.8%, and the mean percentage of the predicted carbon monoxide diffusion capacity was 26.3%.
Period 1 (Weeks 0 to 12)
Improvement in the 6-minute walk distance of 20% or more over baseline occurred in 9 of 89 patients (10%) in the sildenafil group and 6 of 91 (7%) in the placebo group (P = 0.39). Of the 24 post hoc sensitivity analyses of walk-test data, none of the differences were significant ( Table 2 in Section C in the Supplementary Appendix).
On the basis of the linear mixed model that used a compound symmetry assumption, the average walk distance worsened in both groups (Table 3 in Section C in the Supplementary Appendix); the distance decreased by a mean of 28.5 m in the sildenafil group and 45.2 m in the placebo group at 12 weeks (P = 0.11). When measured at rest, patients in the sildenafil group, as compared with the placebo group, had significant improvement in measurements of the percentage of predicted carbon monoxide diffusion capacity (difference, 1.55 percentage points; P = 0.04), the partial pressure of oxygen in arterial blood (difference, 3.02 mm Hg; P = 0.02), and arterial oxygen saturation (difference, 1.21 percentage points; P = 0.05) ( Table 2 ). Scores remained stable in the sildenafil group but worsened in the placebo group on the Shortness of Breath Questionnaire (estimated difference, −6.58; P = 0.006) and the total score on the St. George's Respiratory Questionnaire (estimated difference, −4.08; P = 0.01). Similar findings were noted for symptom and activity subscores on the St. George's Respiratory Questionnaire. On the SF-36, there were no between-group differences in the aggregate physical or mental subscores; however, the general health subscore was better preserved in the sildenafil group than in the placebo group (absolute difference, 2.86; P = 0.008). No significant differences were observed in the Borg Dyspnea Index or the EQ-5D scores.
During period 1, 89.8% of patients in the sildenafil group and 85.7% of those in the placebo group reported that they missed no more than 1 day of medication per week.
Period 2 (Weeks 12 to 24)
Among patients who were initially assigned to the placebo group but who received sildenafil during period 2, the 6-minute walk distance did not significantly change from week 12 to week 24. There also was no significant change in measurements of the partial pressure of oxygen, arterial oxygen saturation, and the percentage of predicted carbon monoxide diffusion capacity or in the score on the Shortness of Breath Questionnaire, the activity score on the St. George's Respiratory Questionnaire, and the SF-36 general health and vitality scores (Table 3 in Section C in the Supplementary Appendix).
Mortality and Acute Exacerbations
At 12 weeks, there was no significant betweengroup difference in mortality, with two deaths in the sildenafil group and four in the placebo group (P = 0.43), or in the rate of acute exacerbations of idiopathic pulmonary fibrosis, with two exacerbations in the sildenafil group and four in the placebo group (P = 0.68) ( Table 3) .
Adverse Events
During period 1, serious adverse events were reported in 15% of patients in the sildenafil group and in 16% of patients in the placebo group (P = 0.73) ( Table 4 ). The most common serious adverse events were respiratory-related events, followed by infections and cardiac disorders. There were no significant between-group differences in the occurrence of specific serious adverse events. Orthostatic hypotension was not observed as a serious adverse event in the sildenafil group. Approximately 90% of patients in each group had at least one adverse event, with the most common being dyspnea, cough, and progression of idiopathic pulmonary fibrosis (Table 5 in Section C in the Supplementary Appendix).
Discussion
The use of sildenafil did not cause a significant difference in the proportion of patients with an improvement of 20% or more in the 6-minute walk distance at 12 weeks (the primary outcome). There were small differences favoring sildenafil in some secondary outcomes, including the degree of dyspnea and quality of life. The magnitude of these differences has been shown to be clinically significant. Sildenafil-treated patients had significant physiological stabilization, as documented by measurements of arterial blood gas and carbon monoxide diffusion capacity, as compared with placebo-treated patients. These findings are consistent with previously published data showing that sildenafil improved ventilation-perfusion matching in patients with pulmonary fibrosis. 5 There were few deaths during the study, and there were no significant treatment-related differences at 12 weeks.
We enrolled patients with advanced disease (as defined by severe physiological impairment), and such patients have been excluded from previous clinical trials since it was thought that they were less likely to have a response to diseasemodifying therapies. In the absence of therapies that improve survival in patients with idiopathic pulmonary fibrosis, improvements in walk distance, degree of dyspnea, and quality of life are no doubt important to patients, especially those with disease as severe as the ones we enrolled. Although the between-group difference in the primary outcome, which was a physiological measure, was not significant, the patients receiving sildenafil during period 1 had symptomatic benefit of a magnitude that other observers have found to be clinically meaningful.
There were important limitations to this study. First, our findings are applicable only to patients with advanced idiopathic pulmonary fibrosis, as defined by a carbon monoxide diffusion capacity of less than 35%. Whether the same effects would be observed in patients with milder physiological impairment is unknown. Second, it is unknown whether the treatment effect was driven by a particular subgroup of patients (e.g., those with more severe pulmonary vascular disease); data regarding right-heart catheterization, which could have suggested the presence of such subgroups, were not available. Third, the study was too short and enrolled too few patients to assess the duration of the effect of sildenafil or any potential effect of sildenafil on rates of acute respiratory worsening or death. Fourth, it is possible that the improvements in subjective outcomes, such as quality of life, were due to incomplete masking.
Although this study did not meet its prespecified primary outcome and the therapeutic efficacy of sildenafil is far from established, our data provide the clinical equipoise needed to conduct further trials involving patients with advanced idiopathic pulmonary fibrosis. While such trials are being designed and implemented, our finding that sildenafil was associated with symptomatic improvement may be of value to patients with advanced idiopathic pulmonary fibrosis.
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